techniques.
not shown), which blocks most cell deaths in nematodes (Ellis and Horvitz, 1986), indicating that these genes are involved in apoptotic DNA degradation (Table 1) . Furthermore, RNAi of crn-2 or crn-3 but not the other crn genes or cyp-13 significantly enhanced the TUNEL phenotype of the cps-6(sm116) mutant, indicating that crn-2 and crn-3 function at least partially independently of cps-6 (Table 1) . However, double RNAi of crn-2 and crn-3 in N2, cps-6(sm116), or nuc-1(e1392) animals did not result in stronger TUNEL phenotype than either RNAi treatment alone, suggesting that crn-2 and crn-3 may function in the same pathway to mediate apoptotic DNA degradation (data not shown). Finally, RNAi of each of the seven new genes enhanced the TUNEL phenotype tion/repair and apoptotic DNA degradation during apoptosis (our unpublished data). crn-1(RNAi) causes embryonic lethality in C. elegans (see Supplemental Table  S1 at , we identified 77 ORFs that fit into these categodata); our findings suggest a possible role for TatD-like nucleases in mammalian apoptosis. ries. We conducted RNAi experiments on these 77 ORFs in three different genetic backgrounds, wild-type (N2), crn-3 and crn-5 encode homologs of the 100 kDa polymyositis/scleroderma autoantigen (PM/Scl-100) the cps-6(sm116) mutant, or the nuc-1(e1392) mutant, and looked for an increase or decrease of TUNEL stainand Rrp46 (see Supplemental Figures S1B and S1D at http://www.molecule.org/cgi/content/full/11/4/987/ ing in these RNAi-treated animals versus control(RNAi)-treated animals (see Supplemental Table S1 at (see Supplemental Table S1 at http://www.molecule.org/cgi/content/ ORFs were not noted before for their apoptotic phenotypes, including six previously uncharacterized genes full/11/4/987/DC1). These observations are consistent with their potential roles in RNA processing as compothat we have named crn (cell death related nuclease) (Table 1) and one cyclophilin homolog (cyp-13). RNAi of nents of the exosome in C. elegans. Interestingly, crn-3 and crn-5 are adjacent ORFs in a polycistronic locus, each of these nine genes led to an accumulation of TUNEL-positive nuclei that can be suppressed by a and the expression of both genes is likely regulated by the same promoter (Blumenthal et al., 2002). Thus, crn-3 strong loss-of-function ced-3(n2433) mutation (Table 1) or a strong loss-of-function ced-4(n1162) mutation (data and crn-5 might play a role in coordinating the two differ- The TUNEL assays were carried out as previously described ( genes and cyp-13 are likely involved in DNA degradation specific for cell deaths. personal communication). In summary, the identification of crn-6 and cyp-13 from our screen confirms previous Since crn-2(RNAi) and crn-3(RNAi) enhanced the TUNEL phenotype of the cps-6(sm116) mutant, crn-2/crn-3 and observations that their mammalian counterparts are likely involved in apoptotic DNA degradation in vivo, and cps-6 appear to function in two independent pathways (Table 1) . Intriguingly, more cell corpses were seen at every the identification of the other five genes (crn-1 to crn-5) may reveal novel functions for their mammalian homostage in cps-6(sm116); crn-2(RNAi) or cps-6(sm116); crn-3(RNAi) embryos than in cps-6(sm116); control(RNAi) logs in apoptosis. embryos ( Figure 2I ), suggesting that crn-2(RNAi) or crn-3(RNAi), when combined with cps-6(sm116), may impair CRN Nucleases Affect Progression of Apoptosis in C. elegans cell corpse engulfment (also see below). RNAi of any other crn gene or cyp-13 did not affect the profile of cell cps-6 is important for normal progression of apoptosis, whereas nuc-1 appears dispensable for cell death (Parcorpse appearance in the cps-6(sm116) mutant, consis- tent with the findings that some of these genes (crn-1, undead cells, compared with a mean of 1.56 extra cells crn-4, crn-5, and cyp-13) function in the same pathway seen in ced-3(n2438) animals treated with control(RNAi) as cps-6 and some (crn-6 and nuc-1) act at a later stage (Table 2) . A similar enhanced inhibition of cell killing was of DNA degradation ( Figure 2J and data not shown).
observed when crn-2(RNAi) or crn-4(RNAi) was combined with a weak ced-3(n2447) mutation (Table 2 ). These observations indicate that five of the six crn genes CRN Nucleases Promote Cell Killing (except crn-6) and cyp-13 can promote cell killing, just Because cps-6 promotes cell killing when assayed in like cps-6. We also examined more closely the contribusensitized genetic backgrounds (Parrish et al., 2001), tions of crn-2 and crn-4 (which function in two different we determined whether the six crn genes and cyp-13 DNA degradation pathways) to cell killing. We found that also contribute to cell killing. Like the cps-6(sm116) mucrn-2(RNAi), but not crn-4(RNAi), could further increase tation, RNAi of any of the six crn genes or cyp-13 alone the number of extra cells observed in cps-6(sm116); has little effect on the deaths of 16 cells that normally ced-3(n2447) or cps-6(sm116); ced-4(n2273) mutants occur in the anterior pharynx of animals, generating no (Table 2) , providing further evidence that crn-2 functions or few extra "undead" cell in the assayed region (Table in a different DNA degradation pathway from cps-6 and 2; our unpublished data). These results indicate that that the two DNA degradation pathways in nematodes none of the six crn genes or cyp-13 alone can significan independently promote cell killing. cantly contribute to cell killing. However, when comRecently, it has been shown that each of the two bined with a weak ced-3(n2438) mutation, RNAi of any partially redundant cell corpse engulfment pathways in of these genes except crn-6 can significantly protect against cell deaths, generating a mean of 2.35-2.88 extra C. elegans weakly but independently contributes to cell . Simiways, may independently and additively contribute to cell killing. larly, we have shown here that each of the two DNA degradation pathways represented by crn-2 and cps-6/crn-4 also weakly but independently contributes to Defects in Both DNA Degradation Pathways Affect Cell Corpse Engulfment cell killing. We thus wanted to determine whether defects in both cell corpse engulfment pathways and both To verify the intriguing observations that the cps-6(sm116) mutation and crn-2(RNAi) or crn-3(RNAi) DNA degradation pathways could additively affect cell killing. Interestingly, when the functions of both encause a synthetic defect in cell corpse engulfment, we performed four-dimensional cell lineage analyses to exgulfment pathways and both DNA degradation pathways were reduced by mutations or RNAi, for example, in cpsamine the average duration of embryonic cell corpses. In N2 animals treated with control(RNAi), embryonic cell 6(sm116); ced-7(n1892); ced-5(n1812); crn-2(RNAi) animals, a mean of 1.2 extra cells was seen, whereas reduccorpses persisted 21.9 min on average (Table 4) . crn-2(RNAi) treatment of N2 animals or the cps-6(sm116) tion of activity in any of these pathways alone had little effect on cell killing (Table 3) . These results indicate that mutation alone did not prolong the persistence of embryonic cell corpses (Table 4) . In contrast, crn-2(RNAi) the cell corpse engulfment and the DNA degradation pathways, and possibly other cell death execution pathtreatment of the cps-6(sm116) mutant prolonged the (Table 4 ). This unexpected, synto two previously known ones, NUC-1 and CPS-6, indithetic engulfment defect displayed by the cps-6(sm116);
cates that the apoptotic DNA degradation process is crn-2(RNAi) animals may reveal a significant, intrinsic more complicated than we originally expected. Indeed, connection between the apoptotic DNA degradation we found that two of these genes, crn-2 and crn-3, process and the cell corpse recognition/engulfment function in a DNA degradation pathway distinct from process.
the one that includes cps-6 and four other genes (crn-1, crn-4, crn-5, and cyp-13) and that these two pathways Multiple CRN Nucleases and CPS-6 Likely Interact can independently contribute to apoptotic DNA degrato Form a DNA Degradation Complex dation and cell killing in C. elegans. As for crn-6 and To better understand how these nine nucleases affect nuc-1, both encode homologs of DNase II and appear apoptotic DNA degradation in nematodes, we examined to be dispensable for apoptosis. They likely function in potential protein-protein interactions among these different DNA degradation pathways or at later stages nucleases using Glutathione-S transferase (GST) fusion of the DNA degradation process (our unpublished data). , suggesting that ced-1 and ced-7 pears to precede and be important for chromatin conmay regulate the generation of TUNEL-positive DNA densation (our unpublished data). Thus, TUNEL-reactive breaks resolved by NUC-1. Thus there is likely an intrin-DNA degradation intermediates in cps-6-defective anisic connection between the DNA degradation process mals may not be condensed enough to be stained and the cell corpse engulfment process. In our studies, strongly by Syto 11. In contrast, nuc-1 appears to act we found that defects in both the crn-2/crn-3 and cps-6 in later stages of DNA degradation after chromatin con-DNA degradation pathways resulted in persistence of densation occurs (our unpublished data), and the pyccell corpses, suggesting that the DNA degradation pronotic bodies are likely condensed TUNEL-positive DNA cess may actually affect the cell corpse engulfment prodegradation intermediates that normally are resolved cess. At present, we do not know the mechanistic basis by NUC-1. In support of this possibility, we found that for such an observation. It is possible that chromosomal accumulation of pycnotic bodies in nuc-1(e1392) mu-DNA, after being fragmented and degraded, is released tants is completely dependant on ced-1 activity just like or presented as an "eat-me" signal for phagocytosis. In the TUNEL phenotype of nuc-1 (our unpublished data). support of this hypothesis, it has been reported that Further investigation of the functional sites and stages nucleosomes generated by cleavage of chromosomal of these nine apoptotic nucleases will be important to DNA in apoptotic cells are released from the cells to understand how they act to mediate apoptotic DNA degactivate immune responses (Bell et al., 1990); such radation. nucleosomes could be recognized by phagocytic cells. Alternatively, given that both cps-6 and crn-2/3 pathApoptotic DNA Degradation Affects Cell ways are important for normal progression of apoptosis Corpse Engulfment and can contribute to cell killing, the DNA degradation DNA degradation and cell corpse engulfment are two process may need to proceed to a certain stage before distinct processes during cell death execution and apsome of the eat-me signals can be made and presented. pear to proceed simultaneously during apoptosis. Some
In either case, our finding further suggests that the DNA degradation process and the cell corpse engulfment recent studies have indicated that the phagocytosis pro-process may regulate one another to efficiently promote ment of the nematode (crn-1, crn-3, and crn-5). In the case of CRN-1, which we have studied in the most detail, the killing, degradation, and removal of apoptotic cells.
we 
